The importance of laminin in development and maintenance of cellular organization is emphasized by recent observations of a tissue-specific, focal and transient expression of distinct isoforms, composed of genetically different chains [4-81. The prototype and best studied EHS laminin, isolated from the murine Engelbreth-Holm-Swarm tumour, is probably an embryonic form. The molecule consists of a heavy (400 kDa) A chain and two light (200 kDa) chains B1 and B2 [Z] . For discrimination from homologous chains found in other laminin isoforms these will be designated Ae, B 1 e and B2e (see Fig. 1 ). An isoform of laminin found in the basement membrane of the synaptic-motorneuronal junction and in glomerular basement membranes [6, 7, 91 contains a variant light chain with sequence homology to Ble which will be designated B 1s. An A-chain variant was characterized and partially sequenced, and will be designated Am where m stands for merosin, the name given to it by its discoverers [ S ] . The laminin containing Am was isolated from heart-muscle tissue [8] and was localized in basement membranes surrounding Abbreviations used: ECM, extracellular matrix; EHS. Engelbreth-Holm-Swarm. muscle fibres and Schwann cells [ S ] . Other isoforms have been described (reviewed in [Z] ) and their further detailed investigation will probably lead to the discovery of many more genetically distinct laminin chains. Interestingly, there is indirect evidence for the existence of a laminin variant consisting of B chains only [4] . A B1-B2 dimer has also been identified as an intermediate in laminin biosynthesis [lo] , to which an A chain is added at a later stage. However, since only disulphide-linked dimers and trimers were detected in this study, the formation of intermediates stabilized by noncovalent interactions could not be excluded.
The current structural model of laminin is based mainly on biochemical and biophysical data from EHS laminin and on sequence information obtained for several laminins of different species (reviewed in [ 1, 21) . The three chains in a laminin molecule A, €31 and B2 are assembled by an -75 nm-long, rod-like, triple-stranded, a-helical, coiledcoil domain in the long arm of the cruciform molecule ( Fig. 1 and [2] ). Coiled-coil domains are frequent structural elements found in many proteins of rather different nature and function (reviewed in [ 113). Two or three chains, each in a-helical conformation, are laterally associated. Their interacting edges are formed by non-polar and often hydrophobic residues in positions a and d of an abcdefg heptad-repeat sequence and by a distinct pattern of charged residues, mostly in positions e and g [ 111.
In laminin, further stabilization is provided by a disulphide bond between the C-termini of the €31 and H2 chains and by a set of putative disulphide bonds at the N-terminus of the coiled-coil domain. In our published [ 121 and unpublished work we addressed the question of whether the assembly of laminin from its constituent chains is a self-assembly process involving the coiled-coil regions and in particular, whether the specificity of chain recognition needed for the formation of isoforms is brought about by specific interactions in this domain.
As experimental systems, we have chosen fragments of EHS laminin comprising the entire (fragment C8-9), or about half (fragment E8) of the coiled-coil domains ( Figs. 2 & 3 ; [2, 121) . Our initial studies have already indicated the reversibility of urea-induced unfolding of the above fragments and Unfolding and refolding pathways of fragment E8 comprising the C-terminal part of the long arm of laminin
Under non-reducing conditions, fragment E 8 is dissociated by 3-8 M-urea into disulphide-linked 6 chains (61-62) and an A chain (solid box) In the presence of A chains, the triple-stranded. coiled-coil structure in E 8 is readily reformed after removal of the denaturant Isolated 6 1-62 chains refold t o a stable double-stranded coiled coil This is also possible after reductive cleavage of the disulphide bond, which can be reformed by oxidation after refolding A chains alone do not form a coiled-coil structure, but they do associate with the preformed, double-stranded coiled-coil if added to refolded B I -62 in non-dissociative buffer (see Fig 3) B1
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Chains E8A and E8B 1-62 were separately refolded from 8 M-urea by dialysis against 20 mM-TridHCI, pH 7 4. Low a-helicity as judged from c d spectra 1211 and a lack of a rodlike structure in electron micrographs indicates that A chains alone did not form coiledcoil structures, whereas by the same criteria. the 61-62 chains combined t o form a double-stranded a-helical, coiled coil. When E 8 A was added to the refolded E8B 1-62 at an equimolar ratio, the refolding product was indistinguishable from the native fragment E8 E8A
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Hunter, T. Schulthess & J. Engel, unpublished work). It was found that a stable double-stranded, coiled-coil heterodimer was formed from E8B 1 -H2 or from a mixture of non-disulphide-linked E8B1 and E8B2 chains. Refolded E8Bl-B2 chains were found to be 80-100% a-helical and appeared as 30 nm-long rods in electron micrographs (Fig. 3) . As for the refolding of the complete fragment E8 [ 121, the disulphide bridge was not essential. It could be reformed by re-oxidation, after successful refolding from chains with free thiol groups (Fig. 2) . Correctly refolded coiled-coil structures were also obtained after reduction and alkylation of the B chains. Isolated E8A chains alone were found to be unable to recover an a-helical, coiled-coil structure after refolding from 8 M-urea. Their a-helicity remained low, and electron microscopy revealed the globular C-terminal extension (domains Gl-G3, [2] ) but no rod-like structures (Fig. 3) . E8A chains, however, readily combined with their B-chain partners to form a triple-stranded, coiledcoil structure when an appropriate chain mixture was refolded from urea. The maximum yield of heterotrimeric refolding product was obtained at equimolar ratios of A, B1 and B2 chains. It was, however, not only possible to combine A chains with their corresponding B chains, by starting from the unfolded state, but also to combine A chains with reformed B 1 -B2 double-stranded, coiled-coil structures in non-dissociative buffer. An experiment in which the E8Bl-BZ and E8A chains were refolded separately from 8 M-urea and then mixed is described in Fig. 3 . When the two partners were mixed in Tris buffer, a-helicity increased from a value of the mixture of E8A and B1-B2 to a higher negative value indicative of the native fragment E8, with a half-life of about 10 min at 10°C (I. Hunter, T. Schulthess & J. Engel, unpublished work). After completion of the reaction, all particles had a lollipop-like appearance, indistinguishable from that of the parent fragment. The simultaneous appearance of a globular and a rod-like domain clearly demonstrates that the A chain was associated with the initially double-stranded, coiled-coil structure of B 1 -B2. In accordance with additional results (I. Hunter, T. Schulthess & J. Engel, unpublished work), the increase in a-helicity indicated that the A chain was added as the third chain in a triplestranded, coiled-coil structure.
The experimental results reviewed above demonstrate considerable specificity of chain association. This has been observed also for other coiled-coil structures of which the specific heteroassociation of transcription factors jun and fos by a leucine zipper [13] , and the assembly of fibrinogen from its three different chains [14, 151, are wellstudied examples. Our data on fragment E8, provide the first clear evidence that an existing double-stranded, coiled-coil structure can, by addition of a third a-helical chain, form a triplestranded coiled coil. Loss of the A chain during isolation of native fragment E 8 has been observed (R. Deutzmann, unpublished work) indicating that the process may be reversible (Fig. 2) . Reshuffling of chains in the triple-stranded, coiled-coil domain of fibrinogen has been proposed [14] , and is supported by recent experimental observations [15] . The dynamic nature of chain association by coiled-coil domains was emphasized by recent results on jun and fos [ 16, 171 . It was proposed that reversible-chain-dissociation reactions, perhaps with the help of chaparonins in the jun/fos system [18] , or specific binding proteins in the case of fibrinogen [15] , may play a role in the regulation of physiological processes, a concept which will be tested in future studies on laminin assembly.
The notion of a specific recognition of chains in the coiled-coil region, as a mechanism of chain selection for laminins, is supported by biosynthetic data [ 19, 201 , and by the observation of a number of isoforms with specific chain composition [ 4-91. Disulphide-linked dimers of Bl and B2 chains were observed as biosynthetic intermediates, whereas homodimers were not observed [ 101. By immuno-' staining with chain-specific antibodies, co-localization of only certain chain combinations were observed indicating that isoforms Ae-B 1 e-B2e, Ae-B ls-B2e and Am-B 1 e-B2e are selectively formed (see Fig. 1 ). There are indications that a B le-Ij2e-dimeric laminin may exist [4] . If one could define the interactions in the coiled-coil domain, that are responsible for the specificity of assembly, it might be possible to predict stabilities of chain combinations in isoforms on the basis of their sequences. Work in this direction (K. Beck (Fig.  1 ). Briefly, we followed the concept that interchain ionic interactions between residues adjacent to the hydrophobic-interaction edge (mostly between residues in positions e and g of the heptad repeat) determine the specificity of chain association. It had been shown earlier that hydrophobic interactions determine the overall stability of cytoskeletal coiledcoil proteins, but that the interchain ionic interactions are apparently decisive for stabilizing a parallel-chain alignment over the possible antiparallel arrangement
[ 191. Interchain-ionicinteraction scores were calculated by following the procedure of these authors after matching welldefined heptad-repeat regions in the coiled-coil domain of laminin fragment E8. Positive scores, of a magnitude comparable with those reported for stable cytoskeletal proteins (see Table 12 in [19] ), were obtained for all chain combinations that were experimentally observed in fragment E 8 and in isoforms of laminin (Fig. 1) . Scores close to zero or negative values were obtained for all homodimers and for a number of experimentally undetected hetero-assemblies. Clearly, calculations have to be expanded to trimeric-assembly forms; and it has to be determined how far data for the E 8 region can be considered representative of the entire coiledcoil domain in laminins.
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In conclusion, we have provided experimental and theoretical evidence that the a-helical, coiledcoil domain of laminin is responsible for chain assembly and chain selectivity. None of the laminin chains appears to be designed for formation of homodimers, although these are common in many other fibrous proteins [ 111. Only selected heteroassociations are stable in laminin isoforms. The data on fragment E8 support the notion that dimeric laminins, composed of B1 and B2 chains only, may be stable intermediates of biosynthesis [ 101 or they may be isoforms [4] , and that double-stranded, coiled-coil structures can form a triple-stranded structure by addition of an A chain.
Introduction
A large variety of cells are embedded in interstitial connective tissues which provide them with a structural scaffold and can modulate their behaviour. This biological function is achieved through cellsurface receptors which transmit signals from the connective tissue components into the intracellular compartment, and specify to the cells whether to move or rest, or whether to divide or synthesize. Connective tissues have a complex composition, the main structural components being the collagens. Several of them, in particular collagen VI, have been shown to develop specific interactions with cells.
Collagen-VI composition and structure
Collagen VI is composed of three different polypeptide chains [l-41; al(VI), a 2 (VI) (both of 140 kDa) and a 3 (VI) (250 kDa) which all have been completely sequenced [ S ] . They are the products of single-copy genes located on human chromosome 21 for a 1 (VI) and a2 (VI) chains and on human chromosome 2 for a 3 (VI) chain [6] . In human fibroblasts they are encoded by mRNA species of 4.2 kb for a 1 (VI), 3.5 kb for a 2 (VI) and 8.5 kb for a 3 (VI) [ 3 ] . The three polypeptides are folded together to form a collagen with unique structural features. The collagenous part represents only a fifth of its total mass and consists of a 105 nm-long triple helix [7] formed by 335-336 amino acids contributed by all three a chains [8] . This triplehelical domain contains several copies of the ArgGly-Asp (RGD) tripeptide sequence, known to be involved in cell recognition of fibronectin and other proteins [9] . Three copies are located on a 1 (VI) and
